The aim of this experiment was to determine whether patients who use the Ineraid cochlear implant code formant frequency by means of the information in the time waveforms presented to the electrodes, or by the information in the distribution of energy among the electrodes. Six patients were presented three vowels for identification. The vowels were presented in two configurations. In one, the temporal cues and distribution of energy cues were both appropriate for a given vowel. In the other, the temporal information specified one vowel while the distribution of energy specified another vowel. The results of the identification task indicated that patients relied on information contained in the distribution of energy for vowel identification. These results can be interpreted as indicating that the Incraid overcomes the limited spatial resolution afforded by four monopolar electrodes by using the balance of energy among electrodes to produce a continuous, rather than discrete, coding of cochlear place of stimulation.
INTRODUCTION
The aim of this experiment was to assess how patients who use the Ineraid cochlear implant code formant frequency in the service of vowel recognition.
Frequency coding and frequency resolution could be a function of place coding, temporal coding or a combination of both. When a signal arrives at the Ineraid's signal processor, the signal is filtered into bands with center frequencies of 0.5, 1.0, 2.0, and 3.4 kHz (Eddington, 1980). The filter skirts are broad--6 dB/oct. Analog representations of the waveforms in the four bands are then delivered to electrodes l•l which are arrayed from apex to base in the cochlea. The most apical electrode is usually 20-22 mm from the round window and the electrodes are spaced at 4-mm intervals.
The frequency of the first formant of a speech signal (F 1 ) could be specified by the time waveform in the most apical channel. As shown in Fig. 1 synchronize to the period off 1 while others synchronized to the period ofF0. Temporal coding off 2 and higher frequencies is unlikely. The coding of temporal intervals by a single fiber is limited by the neural refractory period of about 1 ms. However, groups of fibers firing in parallel may be able to code temporal intervals less than 1 ms in duration (Hartmann and Klinke, 1990 For Ineraid patients, the frequency off I might also be specified by a place code. Consider the effect of a F 1 at 300 Hz presented to the Ineraid processor. The output of the processor would have a high rms level in channel I and lower levels in channels 2-4. As the frequency off 1 increases from 300 to 500 or 700 Hz, the rms level in channel I would increase slightly and then decrease slightly, depending on the filter shape and the formant levels, but the energy in channel 2 would increase. Thus, the frequency ofF1 couM be specified by the balance of energy in channels 1 and 2. That is, as F 1 frequency increased, the balance of energy would tip toward electrode 2. In similar fashion, the frequency off 2/F 3 could be specified by the balance of energy among channels 2-4.
There is some evidence to support the suggestion that frequency can be coded by the distribution of energy among channels of a multichannel implant. Townshend et al. (1987) have reported, for two patients, that when two electrodes are stimulated simultaneously, and the balance of current is varied between the two electrodes, then pitch varies from higher to lower as the current balance swings from the more basal electrode to the more apical electrode.
The aim of the present experiment was to assess whether Ineraid patients code formant frequency by the information in the time waveforms presented to the electrodes, or by the information contained in the balance of energy among electrodes. We have focused on differences in F 1 among vowels because the data from single-channel implant patients demonstrates that a temporal code can be used for recognition of F 1 and because analyses of vowel recognition by Ineraid patients indicates that differences in F 1 are used in recognition We constructed three vowels in two configurations. The vowels /u e a:/ were chosen so that the frequency of F 1 would be maximally different among the signals (F 1 = 350, 500, and 700 Hz, respectively) and, thus, so that the time waveforms in channel 1 would be maximally different. In one test configuration, both the temporal information in each channel and the distribution of energy among the channels specified the same vowel. In the other condition--a conflicting cue condition--we altered the amplitude of the signals in channels 1-4 so that the temporal waveform in each channel specified one vowel, for example/•/, but the distribution of energy in the channels specified another vowel, for example, /u/ or/a:/. At issue was whether our patients would identify the vowels on the basis of the time waveforms in the channels or would identify the vowels on the basis; of the distribution of rms energy among the channels. Table I. To determine the rms level by channel for each vowel, the prototype vowels were directed to the Ineraid via the auxiliary input jack. The Ineraid's four outputs were detected across series 1-kl/ resisters, amplified and digitized (Data Translation DT2801-A ). The signals were displayed via a waveform editing program (WAVED; Boys Town National Hospital). With the aid of the program, rms levels were assessed in each of the four channels for the three prototype vowels. The relative levels are shown in Fig. 2. 
C. Stimulus modification
In order to create signals with conflicting cues to vowel identity, four computer-controlled digital attenuators (Turner-Davis Technologies) were inserted in the circuit between the Ineraid processor and the patient. Signals were first filtered into four bands by the Ineraid. Next, the signals in the four bands were directed to four preamplifiers and to the four digital attenuators. The signals were then passed to four optical isolation amplifiers for patient isolation and safety. Finally, the signals were delivered to the patients' electrodes. This arrangement allowed the experimenter to In the test sequence, each vowel was presented in three amplitude configurations. For example, for/oe/, one configuration was the unaltered prototype. In another configuration,/e/was given the amplitude profile of/u/(in this case /u/was the "target vowel"). In the third configuration, was given the amplitude profile of/a•/(in this case/•e/was the target vowel). Similar manipulations were performed with/u/and/•e/.
Five repetitions of each stimulus were generated for the identification test.
O. Procedure
The patients were first presented five repetitions of each of the prototype vowels in a practice sequence. The identity of each stimulus was indicated to the patient. Next, the patients were presented the test stimuli, including the prototypes, for identification in a randomized sequence. The patients indicated the identity of each stimulus on a touch sensitive pad. The pad contained a "repeat" key and each stimulus could be heard as many times as the patient wished. The response choices were/u/,/•e/,/e/.
II. RESULTS
The mean identification score for each stimulus is shown in Table II . Two types of data analyses were performed. The first assessed whether the number of prototype responses was reduced when the amplitude profile of the prototype vowel was altered. As shown in Table II 
III. DISCUSSION
Our aim in this experiment was to determine whether patients who use the four-channel Ineraid implant base vowel identification on the temporal information about formant frequency in the channels, or base identification on the distribution of energy among the channels. We have found that when the amplitude profile of one vowel is changed to that of a second vowel, leaving the temporal cues unchanged, then, most generally, patients report the second vowel. This outcome suggests that the pattern of energy along the electrically stimulated cochlea is the principle cue to vowel identity.
In two of six instances, the distribution of energy for a signal did not predict the majority response. In one instance, /u/with the amplitude profile of/ae/, for which the majority response was/e/, it would be possible to speculate that temporal coding of the 350-Hz first formant of/u/, and the distribution of energy cue to/•e/, might have led to a hybrid response of/e/, i.e., a vowel with a F 1 intermediate between that of/u/and/•e/.
However, such a feature-sharing account cannot be offered for the failure of the/•e/-,/e/manipulation to produce a majority of/e/responses. In this instance, we suppose that, for reasons we do not clearly understand, we did not reproduce the distribution of energy for /e/ appropriately for half (three of six) of the patients. A reviewer has noted a possibility which would weaken our conclusion that temporal factors play little role in the coding of vowel formant frequencies. That possibility is that when we altered the channel amplitudes, the change in current interactions within the cochlea altered the temporal waveforms. We have no way of knowing whether this is a reasonable possibility or not. Consider, however, the /e/-,/u/manipulation in which all patients reported/u/. In this case, the amplitude of channel 1 was increased while that of channel 2 was left about the same. It is difficult to imagine an interaction which would produce a poorer representation of the temporal information in channel 1. 
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